Inscho EW. Clopidogrel preserves whole kidney autoregulatory behavior in ANG II-induced hypertension. Am J Physiol Renal Physiol 306: F619 -F628, 2014. First published January 29, 2014 doi:10.1152/ajprenal.00444.2013.-This study tested the hypothesis that P2Y12 receptor blockade with clopidogrel preserves renal autoregulatory ability during ANG II-induced hypertension. Clopidogrel was administered orally to male Sprague-Dawley rats chronically infused with ANG II. After 14 days of treatment, whole kidney autoregulation of renal blood flow was assessed in vivo in pentobarbital-anesthetized rats using an ultrasonic flow probe placed around the left renal artery. In ANG II-vehicle-treated rats, decreasing arterial pressure over a range from 160 to 100 mmHg resulted in a 25 Ϯ 5% decrease in renal blood flow, demonstrating a significant loss of autoregulation with an autoregulatory index of 0.66 Ϯ 0.15. However, clopidogrel treatment preserved autoregulatory behavior in ANG II-treated rats to levels indistinguishable from normotensive shamoperated (sham) rats (autoregulatory index: 0.04 Ϯ 0.14). Compared with normotensive sham-vehicle-treated rats, ANG II infusion increased renal CD3-positive T cell infiltration by 66 Ϯ 6%, induced significant thickening of the preglomerular vessels and glomerular basement membrane and increased glomerular collagen I deposition, tubulointerstitial fibrosis, damage to the proximal tubular brush border, and protein excretion. Clopidogrel significantly reduced renal infiltration of T cells by 39 Ϯ 9% and prevented interstitial artery thickening, ANG II-induced damage to the glomerular basement membrane, deposition of collagen type I, and tubulointerstitial fibrosis, despite the maintenance of hypertension. These data demonstrate that systemic P2Y12 receptor blockade with clopidogrel protects against impairment of autoregulatory behavior and renal vascular injury in ANG II-induced hypertension, possibly by reducing renal T cell infiltration. autoregulatory response; purinergic P2Y receptors; clopidogrel; thromboxane; lymphocyte; angiotensin II AUTOREGULATION is an important intrinsic mechanism regulating glomerular capillary pressure, primarily by adjusting afferent arteriolar resistance in response to changes in renal perfusion pressure and/or distal tubular fluid flow (52). Buffering glomerular capillary pressure protects against glomerular injury when arterial pressure (AP) is fluctuating (5). Hypertension and end-organ injury often result when ANG II levels are inappropriately elevated. ANG II-induced hypertension leads to impaired renal function and renal injury (20, 31) . Rats that receive a chronic low-dose ANG II infusion for 2 wk exhibit a significant elevation in AP, impaired autoregulatory behavior, proteinuria, and renal fibrosis (17).
AUTOREGULATION is an important intrinsic mechanism regulating glomerular capillary pressure, primarily by adjusting afferent arteriolar resistance in response to changes in renal perfusion pressure and/or distal tubular fluid flow (52) . Buffering glomerular capillary pressure protects against glomerular injury when arterial pressure (AP) is fluctuating (5) . Hypertension and end-organ injury often result when ANG II levels are inappropriately elevated. ANG II-induced hypertension leads to impaired renal function and renal injury (20, 31) . Rats that receive a chronic low-dose ANG II infusion for 2 wk exhibit a significant elevation in AP, impaired autoregulatory behavior, proteinuria, and renal fibrosis (17) .
Recently, chronic elevation of ANG II has been linked to both vascular inflammation and autoregulatory impairment (24, 51) . The inflammatory cytokine transforming growth factor (TGF)-␤ has been implicated in renal injury during hypertension and diabetes (18, 48) . Acute administration of TGF-␤ impairs afferent arteriolar autoregulatory vasoconstriction (53) . Chronic use of a general anti-inflammatory agent, pentosan polysulfate, or a lymphocyte antiproliferative drug, mycophenolate mofetil, prevented the increase in plasma TGF-␤ and preserved autoregulation in ANG II-infused hypertensive rats without lowering AP (24, 25) . Monocyte chemoattractant protein-1 receptor blockade in an ANG II ϩ high-salt hypertension model improved autoregulatory reactivity despite persistent hypertension (15) . Taken together, these data suggest that anti-inflammatory agents improve autoregulatory capability independent of direct effects on AP.
P2Y 12 receptors are one of a family of P2Y purinoceptors (7, 54) . P2Y 12 receptors are highly expressed by platelets and are involved in platelet activation (16, 58) . Clopidogrel (Plavix) is a thienopyridine derivative prodrug that inhibits platelet activation, aggregation, and adhesion by blocking platelet ADPsensitive P2Y 12 receptors (16, 29, 58) . Orally administered clopidogrel is catabolized to its active form by cytochrome P-450 3A in the liver (11) . The active form of clopidogrel is an irreversible inhibitor of P2Y 12 receptors (49, 58) . Two recent studies (22, 57) have demonstrated that blockade of ADP sensitive P2Y 12 receptors with clopidogrel reduced renal fibrosis. P2Y 12 receptor inhibition decreased TGF-␤, fibronectin, and plasminogen activator inhibitor-1 in a model of glomerulonephritis (45) . In human renal transplant patients, P2Y 12 receptor blockade reduced levels of inflammatory biomarkers such as matrix metalloprotease-9 (23). P2Y 12 receptor blockers have been useful in reducing myocardial infarction, atherosclerosis, stroke, and the mortality associated with peripheral vascular disease (2, 7, 55, 58) . Interactions between inappropriately elevated ANG II levels and P2Y 12 receptor activity may have important clinical implications. While these studies have implicated endogenous platelets in the inflammatory cascade that contributes to hypertensive kidney injury, they do not address the potential role that clopidogrel treatment may have on the impaired renal microvascular function in hypertension. The possible protective effect of clopidogrel on autoregulatory behavior in hypertension has not been studied. If clopidogrel preserves renal microvascular autoregulatory function, it may explain the renal protective effects that clopidogrel treatment have during hypertension. Accordingly, the present study tested the hypothesis that P2Y 12 receptor blockade with clopidogrel preserves autoregulatory behavior and reduces renal injury in ANG II-induced hypertension.
METHODS

Animals
Experiments were performed in male Sprague-Dawley rats (n ϭ 120, 200 -225 g, Charles River Laboratories, Raleigh, NC). Rats had free access to standard rat chow (Harlan Teklad Global Diets no. 8656, Wilmington, DE) and tap water. Rats were treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals using procedures approved by the Institutional Animal Care and Use Committee of Georgia Health Sciences University.
Hypertension was induced using low-dose ANG II infusion from osmotic minipumps (model 2002, ALZET, Cupertino, CA) implanted subcutaneously in the dorsum of the neck in anesthetized rats (2-3% isoflurane in oxygen) (30) . Rats were divided into five groups. Two sham surgery (sham) groups were treated orally with clopidogrel (10 mg·kg body mass Ϫ1 ·day Ϫ1 , Sanofi-Aventis, Bridgewater, NJ) or vehicle (fat-free pudding, 1 g) for 14 days. This dose of clopidogrel was selected as it closely matches the commonly prescribed human dose of 75 mg/day. Two groups received ANG II (60 ng/min, Phoenix Pharmaceuticals, Burlingame, CA) while simultaneously receiving either clopidogrel (ANG60-clopidogrel) or vehicle (ANG60-vehicle). The last group received an ANG II infusion at 70 ng/min plus clopidogrel (ANG70-clopidogrel) as a pressure control because clopidogrel treatment slowed the development of hypertension in the ANG60-clopidogrel group despite the fact that the level of hypertension on days 13 and 14 was similar to the 60 ng/min ANG II-alone group. Accordingly, we added the 70 ng/min ANG II infusion group to provide the blood pressure control to obviate the possibility that improved function in the ANG60-clopidogrel group was not due to a lag in the progression of hypertension.
Animal Monitoring
Body weight was measured on day 0 (before minipump implantation) and on days 6 and 13. Activated clopidogrel binds irreversibly to P2Y 12 receptors (49, 58) , so clopidogrel treatment will irreversibly inhibit P2Y12 receptor-mediated platelet activation. The efficacy of clopidogrel-mediated inhibition of platelet activation was verified by comparing bleeding times in treated and untreated rats. After 14 days of treatment with either clopidogrel or vehicle, rats were placed in individual restrainers, and the tip of the tail (ϳ3 mm) was cut with a sharp scalpel. Bleeding time was monitored by timed collection of blood droplets. Bleeding that extended beyond a maximum of 1,200 s (common in clopidogrel-treated rats) was stopped using a silver nitrate styptic pencil.
Blood Pressure Monitoring
Tail-cuff plethysmography. Blood pressure was measured two different ways. The majority of the animals were monitored using tail-cuff plethysmography (IITC Life Science, Woodland Hills, CA) to verify and follow the development of hypertension. This technique allows verification of significant differences in systolic blood pressure (SBP) across treatment groups, and it is the approach that is most suitable for these experiments, where renal tissues need to be perfused in situ and harvested for further study. SBP was measured every 3 days to assure normal functioning of the minipumps and normal hypertension progression.
Telemetric measurement of blood pressure. As noted above, cuff plethysmography is suitable for detecting significant differences in SBP, but it is not sensitive enough to reveal more subtle differences in blood pressure or hypertension development. Accordingly, we also measured AP by telemetry (Data Sciences, St. Paul, MN) in a subset of rats to verify the course of hypertension development and to control for potential blood pressure effects of clopidogrel that might not be resolvable with tail-cuff plethysmography. These animals were used only to follow blood pressure. For these animals, transmitters were implanted under pentobarbital anesthesia (50 mg/kg ip) 10 -14 days before the implantation of osmotic minipumps (46) . After animals had recovered from surgery, blood pressure was continuously monitored for the 2 wk of ANG II infusion.
In Vivo Autoregulation Experiments
Renal autoregulation was assessed as previously described (44) . Rats anesthetized with pentobarbital sodium (50 mg/kg) received 6% BSA fraction V (Calbiochem, Darmstadt, Germany) in saline (100 l/min iv to 1% of body weight) followed by a constant isotonic saline infusion (25 l/min). A bladder catheter allowed continuous urine collection. An adjustable occluder around the aorta allowed manual control of left renal artery pressure as measured by a femoral artery catheter. An ultrasonic flow probe (MA1PRB, Transonic Systems, Ithaca, NY) was placed around the left renal artery to measure renal blood flow (RBF). AP and RBF were recorded by an eightchannel Powerlab (model ML870/P, AD Instruments, Colorado Springs, CO). When surgery was completed, the wound was covered in moistened gauze and parafilm.
Autoregulatory curves were generated by decreasing renal perfusion pressure, measured as left femoral artery mean AP (MAP), from baseline to 70 mmHg in 10-mmHg decrements at 2 min/step as previously described (44) . Two autoregulatory curves were obtained over 40 -60 min and were averaged to determine the overall response. The autoregulatory index (AI) was calculated as follows:
where subscript 1 is the value before pressure was adjusted and subscript 2 is the value after the pressure change. An AI of zero indicates perfect autoregulation, and AIs approaching 1.0 indicate less efficient autoregulation. RBF was normalized to left kidney weight.
Plasma and Urine Collection
Activated platelets can produce significant amounts of thromboxane A 2 (TXA2), which has potent vasoconstrictor effects on the renal microcirculation (4, 58, 61) . Plasma thromboxane B2 (TXB2) concentrations, a metabolite of TXA2, are increased in ANG II-infused hypertensive rats (13, 35, 41) . Accordingly, plasma and urine TXB2 and 2,3-dinor-TXB2 were measured across the treatment groups to establish their thromboxane status and to determine the impact of clopidogrel treatment on endogenous thromboxane levels. In separate rats, aortic blood (5 ml) was collected into a syringe containing 120 l of 7.5% EDTA (Fisher Scientific, Fairlawn, NJ) and 10 mol/l indomethacin (Sigma-Aldrich, St. Louis, MO) and centrifuged (1,500 g, 4°C, 10 min). Plasma aliquots were frozen at Ϫ80°C until assayed. By preventing Ca 2ϩ -mediated platelet activation with EDTA and cyclooxygenase-dependent prostanoid production with indomethacin, the measured levels of plasma thromboxane were likely due to vascular production rather than ex vivo platelet activation (43) . Twenty-four-hour urine was collected on days 0, 6, and 14 of treatment. Plasma and urine TXB 2 and 2,3-dinor-TXB2 were measured by ELISA (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions. Urinary protein concentration was measured by a modified Bradford method (8) and used to calculate 24-h protein excretion.
Histological and Immunohistochemical Assessment of Renal Tissues
In some rats, kidneys were perfused with physiological salt solution followed by 10% formalin and sectioned longitudinally before being placed in 10% formalin overnight. Fixed kidneys were paraffin embedded, sectioned, and stained with hematoxylin and eosin for the examination of renal structure. The periodic acid-Schiff reaction was used to assess basement membrane thickening. Picrosirius red and Masson's blue trichrome staining were used to determine renal fibrosis. Sections were examined and scored by a trained renal pathologist blinded to the experimental conditions.
For immunohistochemistry, sections were deparaffinized with xylene and ethanol and incubated with proteinase K for antigen retrieval. Endogenous biotin and peroxidase activity were blocked by an incubation with avidin and biotin and H 2O2, respectively. Primary antibodies against CD3 (BD Pharmingen, San Diego, CA) and ED-1 (Abcam, Cambridge, MA) were used to detect T lymphocytes and macrophages, respectively. Biotinylated horse anti-mouse secondary antibody was used to develop the avidin-biotinylated horseradish peroxidase complex (Vectastain ABC kits, Vector Laboratory, Burlingame, CA). Slides were counterstained with hematoxylin, and 20 fields/slide were photographed by light microscopy (ϫ20 magnification). CD3-or ED-1-positive cells were counted and averaged over a 0.25-mm 2 area of the renal cortex. All sections were scored by a trained observer who was blinded to the treatment protocol.
Statistics
Data are reported as means Ϯ SE. Two-way ANOVA with HolmSidak post hoc analysis was used to evaluate statistical significance versus the control group as well as pair-wise differences as appropriate. One-way ANOVA with Bonferroni post hoc analysis was used as appropriate. Histological data were analyzed using one-way ANOVA with a Holm-Sidak post hoc test for multiple comparisons. Statistical analyses were performed using SigmaStat (version 3.5, Systat Software, Point Richmond, CA). P values of Ͻ0.05 were considered significantly different.
RESULTS
Physiological Parameters
Baseline SBP, body weight, water intake, and daily urine excretion were similar in all groups (Table 1 ). Summary data for rats after 14 days of treatment are shown in Table 2 . Body weight increased similarly over 14 days of treatment in sham groups, whereas it increased more slowly in ANG II-infused rats. SBP, water intake, and urine excretion increased significantly during ANG II infusion compared with sham groups. Clopidogrel did not affect body weight, SBP, water intake, or urine excretion. Clopidogrel treatment increased bleeding time in sham and ANG II groups by approximately threefold, consistent with its anticoagulant properties conferred through irreversible clopidogrel binding to platelet P2Y 12 receptors (49, 58) . Statistical analysis was not performed on bleeding time data because the actual variation on the measurement in some groups is not known. Bleeding was terminated deliberately using a silver nitrate styptic pencil in some animals where bleeding time extended beyond a maximum of 1,200 s.
Telemetric Blood Pressure Measurements
MAP was similar between sham rats irrespective of clopidogrel treatment (Fig. 1) . ANG II infusion significantly increased MAP. By day 4, ANG60-vehicle rats had significantly elevated MAP compared with sham-vehicle rats. Elevation of MAP plateaued around day 9 and remained in the hypertensive range through day 14. However, in ANG60-clopidogrel rats, hypertension development was delayed. While MAP increased significantly by day 9 compared with sham-vehicle rats, it took longer to reach the same level of hypertension compared with sham-vehicle rats. To control for the discrepancy in hypertension progression due to clopidogrel treatment, we added a separate group of rats that received an ANG II infusion (70 ng/min ANG II with clopidogrel) titrated to match the MAP profile exhibited by ANG60-vehicle rats. As shown in Fig. 1 , the development of hypertension in rats that received 70 ng/min ANG II plus clopidogrel almost exactly mirrored the hypertension progression observed in ANG60-vehicle rats. This group with a similar hypertension profile served as the primary focus group for the autoregulatory experiments. Values are means Ϯ SE; n, number of total rats/group with a subset of the rats undergoing 24-h urine collection. Values are mean Ϯ SE; n, number of total rats/group with a subset of the rats undergoing 24-h urine collection. Statistical analysis was not performed on bleeding time data because the variation on the measurement is not known. Bleeding was terminated deliberately using a silver nitrate styptic pencil in cases where bleeding time extended beyond a maximum of 1,200 s. *P Ͻ 0.05 vs. the respective sham group.
Autoregulatory Behavior in ANG II-and ClopidogrelTreated Rats
Anesthetized MAP and RBF data are shown in Table 2 . There were no statistical differences in MAP or RBF between anesthetized sham-vehicle and sham-clopidogrel rats. MAP and RBF were also similar between ANG60-vehicle and ANG70-clopidogrel groups, and MAP in both groups was significantly increased compared with the sham ϩ clopidogrel group. Figure 2 shows the effect of clopidogrel treatment on actual RBF (A) and normalized RBF (B). In both sham groups, RBF remained stable as renal perfusion pressure was reduced from 120 to 100 mmHg (Fig. 2, A and B) , consistent with normal autoregulatory behavior. However, in ANG60-vehicle rats, RBF decreased with each reduction of renal perfusion pressure across a range of 160 to 100 mmHg. Clopidogrel preserved autoregulatory ability in both ANG60-clopidogrel and ANG70-clopidogrel hypertensive rats, resulting in stable RBF over a pressure range from 160 to 100 mmHg.
As shown in Fig. 2C , the AI calculated over the 120-to 100-mmHg pressure range in the sham-vehicle and shamclopidogrel groups averaged Ϫ0.11 Ϯ 0.20 and Ϫ0.23 Ϯ 0.12, respectively, consistent with efficient RBF autoregulation. In contrast, the AI for ANG60-vehicle rats averaged 0.66 Ϯ 0.15 from 160 to 100 mmHg, indicating significant autoregulatory impairment. The AI for ANG60-clopidogrel and ANG70-clopidogrel rats averaged 0.04 Ϯ 0.14 and 0.07 Ϯ 0.06, respectively, demonstrating intact autoregulatory behavior. Retention of the autoregulatory capability in the ANG60-clopidogrel group occurred in the face of a slower developing hypertension (Fig. 1) , making interpretation difficult. Accordingly, it is important to note that clopidogrel treatment also prevented the loss of autoregulatory control of RBF in the ANG70-clopidogrel group, despite nearly identical hypertension profiles ( Fig. 1) with the ANG60-vehicle group.
Measurements of Plasma Thromboxane
The plasma TXB 2 concentration, an indicator of vascular TXA 2 production, was significantly increased in ANG60-vehicle rats (944 Ϯ 261 pg/ml) compared with sham-vehicle rats (198 Ϯ 46 pg/ml; Fig. 3A ). P2Y 12 receptor blockade had no effect on plasma TXB 2 concentration in either sham-clopidogrel (196 Ϯ 49 pg/ml) or ANG70-clopidogrel (860 Ϯ 205 pg/ml) groups. Similar results were found for the plasma 2,3-dinor-TXB 2 concentration. As shown in Fig. 3B , plasma 2,3-dinor-TXB 2 was increased in ANG60-vehicle rats (2,590 Ϯ 410 pg/ml) compared with sham-vehicle rats (652 Ϯ 100 pg/ml). P2Y 12 receptor blockade had no effect on 2,3-dinor-TXB 2 concentration in either sham-clopidogrel (657 Ϯ 76 pg/ml) or ANG70-clopidogrel (2,667 Ϯ 596 pg/ml) groups. No differences were detected between sham rats that received clopidogrel or vehicle, suggesting that the preservation of RBF autoregulation with clopidogrel cannot be attributed to changes in vascular TXA 2 levels.
Renal Cortical Inflammatory Cell Infiltration Measurements
Immunolocalization of inflammatory cells in renal cortex from sham and ANG II-treated rats revealed that T cells (CD3 marker) and monocytes/macrophages (ED-1 marker) were present in both normotensive and hypertensive rats. CD3-positive T cell counts in sham-vehicle and sham-clopidogrel rats (Fig. 4A ) were similar and averaged 11.5 Ϯ 0.7 and 11.8 Ϯ 1.4 cells/field, respectively. ANG II infusion significantly increased CD3-positive cells to 18.2 Ϯ 1.4 cells/field. Clopidogrel treatment of ANG II-infused rats prevented the increase in CD3-positive cells seen with ANG II alone (13.5 Ϯ 1.0 cells/field), suggesting a role for P2Y 12 receptors in lymphocyte infiltration during hypertension. Overall ED1-positive monocyte/macrophage cell counts averaged 6.8 Ϯ 0.4 cells/ field and were similar across groups. ED-1-positive monocyte/ macrophage cell counts in sham-vehicle, sham-clopidogrel, ANG60-clopidogrel, and ANG70-clopidogrel rats (Fig. 4B) were similar and averaged 7.5 Ϯ 1.1, 7.8 Ϯ 0.7, 7.4 Ϯ 0.8, and 5.8 Ϯ 0.6 cells/field, respectively.
Analysis of Renal Injury
Indices of renal injury were determined by urinary protein excretion as well as by histological assessments. Proteinuria was significantly increased in ANG60-vehicle rats compared with sham-vehicle control rats after 14 days ( protein excretion in ANG70-clopidogrel rats was similar to that observed in ANG60-vehicle rats. Clopidogrel treatment did not decrease ANG II-mediated proteinuria. While the reasons for this are unclear, the data suggest that impairment of glomerular filtration barrier selectivity is not directly influenced by P2Y 12 receptors.
Rats treated with ANG II ϩ vehicle presented significant thickening of the glomerular basement membrane (GBM), glomerular collagen type I deposition, tubulointerstitial fibrosis, and damage to the proximal tubular brush border (Figs. 6 and 7) . Treatment with clopidogrel effectively prevented the ANG II-induced damage to the GBM, deposition of collagen type I, and tubulointerstitial fibrosis (Figs. 6 and 7) . These results suggest the involvement of PY2Y 12 receptors in ANG IIinduced renal injury. Significant preglomerular arterial thickening as well as a tendency to develop preglomerular arterial hyalinosis and necrosis were also observed in rats treated with ANG II ϩ vehicle. No significant difference in protein cast formation or thickening of the tubular basement membrane were observed among the groups.
DISCUSSION
This study was designed to determine the effect of P2Y 12 receptor blockade on ANG II-mediated impairment of whole kidney autoregulation of RBF. The data reveal that ANG II-induced hypertension impairs whole kidney autoregulatory behavior and stimulates the infiltration of CD3-positive lymphocytes into the renal cortex. The major and novel findings of this study demonstrate that chronic treatment with clopidogrel preserves autoregulatory responses despite persistent hypertension and reduces or prevents T lymphocyte infiltration. P2Y 12 receptor activation is most likely involved in impaired autoregulatory function in ANG II-induced hypertension.
ANG II-hypertensive rats gained weight more slowly than normotensive control rats, and SBP was found to be similar between ANG II-infused rats and clopidogrel-treated ANG II-infused rats. Urine flow increased in ANG II-infused rats consistent with the increase in water consumption in those animals. An important finding of the present study is that 24-h measurements of MAP with telemetry reveals an attenuation in the development and magnitude of the hypertensive state in 60 ng/min ANG II-hypertensive rats treated with clopidogrel that was not easily detected by tail-cuff plethesmography. Consequently, to control for the delayed onset of hypertension, we added an additional clopidogrel group where we titrated the ANG II infusion rate to obtain a hypertensive pressure profile that mirrored that observed in the ANG II-alone group. In our laboratory, this was achieved using a 70 ng/min ANG II infusion rate, which was slightly higher than our ANG II-alone group and slightly lower than the rate used by Graciano et al. (22) . In this setting, the specific effects of clopidogrel treatment could be examined without the confounding variable of differences in hypertensive status, underscoring the need for using the most appropriate measurement techniques for subtle pressure changes that may be missed by less sensitive methods (39) . The ability of clopidogrel to delay the development of ANG II-induced hypertension suggests a link between the progression of ANG II-induced hypertension and P2Y 12 receptor activity.
In addition to its anticoagulation properties, clopidogrel is also reported to have other, less well-defined anti-inflammatory properties (2, 23, 42, 57) that may provide some antihypertensive and/or tissue protective benefit. Prevention of renal injury with clopidogrel has been reported and suggests unique mechanisms for the elevation of MAP and renal injury (22, 23, 57) . The function of P2Y 12 receptors in influencing MAP in ANG II-hypertensive rats may be more related to the coincident hypertensive state than to a direct modulatory effect on blood pressure per se, because clopidogrel treatment did not influence MAP in sham rats. The findings of the present study extend and strengthen previous findings of Graciano et al. (22) and Tu et al. (57) , who reported that clopidogrel treatment reduces renal injury independent of reductions in SBP measured by tail-cuff plethysmography. In those reports, there could have been a muted hypertensive state that was not resolved using tail cuff that may have contributed to the reduction in renal injury that could have arisen from improved autoregulatory efficiency. The present study demonstrates that with nearly identical hypertensive states, autoregulatory behavior is improved and renal injury is reduced, suggesting a pressure-independent role for clopidogrel in mitigating renal injury in this setting and consistent with previous reports (22, 57) .
An important objective of this study was to determine the effect of P2Y 12 receptor blockade on RBF autoregulation in ANG II-induced hypertension. Whole kidney autoregulatory efficiency was examined in vivo using vehicle-and clopidogrel-treated rats with similar blood pressure profiles. Chronic P2Y 12 receptor blockade preserved normal autoregulatory behavior despite persistent hypertension. Evidence supports the preservation of vascular function by anti-inflammatory interventions in settings of persistent hypertension (6, 27, 40, 50) . For example, a nonspecific anti-inflammatory agent, pentosan polysulfate, preserved afferent arteriolar autoregulation without affecting AP (24) . Also, ANG II-treated rats fed a high-salt diet developed marked afferent arteriolar vasoconstriction, hypertension, decreased glomerular filtration rate, and increased tubulointerstitial injury, all of which were decreased by immune suppression with mycophenolate mofetil (17) . In the DOCA-salt model of hypertension, TNF-␣ inhibition with etanercept also reduced renal injury without affecting blood pressure (14) . These data suggest that inflammation contributes importantly to autoregulatory impairment in models of hypertension-mediated renal injury. Vascular smooth muscle, the endothelium, platelets, lymphocytes, and sympathetic neurons all express P2Y 12 receptors (7, 38, 47, 59, 60) . Expression of P2Y 12 receptors in nonrenal vascular tissue has been reported in both humans and rats (21, 60) . In a similar model of ANG II-induced hypertension, clopidogrel treatment improved vasodilation to acetylcholine and normalized vasoconstriction to phenylephrine in secondorder mesenteric arteries (21) . However, direct involvement of clopidogrel-inhibitable P2Y 12 receptors in vasoconstriction was not found. Therefore, the beneficial effects of clopidogrel most likely reflect the prevention of vascular or leukocytederived inflammatory processes associated with hypertension. Clopidogrel is a potent inhibitor of P2Y 12 receptor activation. Clopidogrel binding to the receptor is irreversible, so in the presence of clopidogrel, the only way to produce active P2Y 12 receptors is to synthesize new receptors or traffic new receptors to the membrane surface. We verified effective blockade of P2Y 12 receptors in our study by assessing bleeding time in all groups. As noted, effective P2Y 12 receptor blockade was confirmed by the dramatically increased bleeding time exhibited by rats treated with clopidogrel compared with the untreated sham control or ANG II-alone groups. Platelets express high levels of P2Y 12 receptors and are a rich source of thromboxanes, which are potent vasoconstrictors of the renal microcirculation, and TXB 2 levels are markedly increased in ANG II-hypertensive rats (19, 35, 41) . Recently, clopidogrel has been reported to reduce platelet-derived thromboxanes in healthy normotensive male volunteers both in vivo and ex vivo (3); however, in our study, clopidogrel treatment did not reduce the plasma thromboxane concentration, possibly because of chronic overstimulation of vascular thromboxane production. The inability of P2Y 12 receptor inhibition to reduce TXB 2 levels is consistent with previous work demonstrating separate mechanisms for thromboxane synthesis and P2Y 12 receptormediated platelet aggregation (9, 10). Therefore, the beneficial effects of P2Y 12 receptor inhibition on renal autoregulation, renal injury, and hypertension appear to be independent of TXB 2 production. The mechanisms responsible for autoregulatory adjustments have been extensively studied. Both ATP and adenosine have been postulated to serve as chemical mediators of renal autoregulation. A previous study (56) has reported that genetic removal of adenosine A 1 receptors in knockout mice inhibits the tubuloglomerular feedback component of autoregulatory afferent arteriolar vasoconstriction. In a rat model, pharmacological blockade of P2X 1 receptors inhibits afferent arteriolar autoregulatory responses in vitro and whole kidney autoregulation of renal blood flow in vivo. Mice lacking ATP-sensitive P2X 1 receptors exhibit impaired autoregulatory responses (32) (33) (34) 44) . In addition, afferent arteriolar reactivity to P2X 1 receptor activation is markedly attenuated in ANG-II hypertensive rats, and this blunted reactivity can be preserved by prevention of lymphocyte activation (25) . Whether or not P2X 1 and P2Y 12 receptors interact is unclear, but these data, combined with the data provided in the present report, suggest that broader consideration should be given to the role chronic inflammation plays in altering renal autoregulatory efficiency in hypertension and how that might impact hypertensioninduced renal injury.
P2Y 12 receptors have the highest mRNA expression in lymphocytes isolated from humans, and blockade of P2Y 12 receptors significantly reduces platelet-leukocyte aggregation (36, 37, 59) . A recent report (1) has indicated that P2Y 12 receptors play an important role in the activation of dendritic cells with subsequent activation of T cells. Clopidogrel treatment also exerted an anti-inflammatory effect on ischemic coronary arteries, and cessation of clopidogrel treatment was associated with proinflammatory and prothrombotic effects in patients with diabetes or coronary artery disease (2, 42) . Notably, several studies (12, 26, 28) have implicated T lymphocytes in the renal and vascular injury associated with hypertension. ANG II-hypertensive rats exhibit increased cortical infiltration of CD3-positive T cells, which was prevented by clopidogrel treatment. These data agree with the findings that T lymphocytes contribute significantly to renal injury in hypertension (12) . However, the finding that hypertension can be maintained while T cell infiltration is reduced suggests that the deleterious effects of local T cell infiltration may be independent from induction of hypertension (25) .
In summary, the present study shows that P2Y 12 receptor inhibition prevents ANG II-induced impairment of renal autoregulation. This potentially beneficial effect of clopidogrel may involve a reduction of local intrarenal T cell infiltration, inflammatory events, and renal injury. A possible link between platelet-leukocyte interactions during hypertensive injury and P2Y 12 receptor activation suggests multifaceted vascular antiinflammatory effects of clopidogrel. These data support the growing contention that hypertension is a strong initiator of inflammation. P2Y 12 receptor inhibition with clopidogrel could provide a useful benefit for individuals at risk of progression to chronic renal disease. 
